Naked mole-rats (Heterocephalus glaber) are subterranean rodents that utilize their incisors for feeding, chisel-tooth digging of complex tunnel systems, social interactions, and defense in their eusocial colony structure. Previous studies have shown that naked mole-rats have morphological and anatomical adaptations that predict strong bite forces, namely, skulls that are relatively tall and wide, in addition to impressive masticatory musculature. However, no studies to date have directly measured bite force in this species or analyzed the relationship between bite force and social caste. In the current study, we assessed adult naked mole-rat maximum bite force in relation to body mass, in addition to considering each animal's position within the eusocial hierarchy (i.e., dominant versus subordinate). Each animal was permitted to freely interact with a piezo-resistive bite force sensor. Our results showed that bite force was correlated with body mass in subordinate but not in dominant naked mole-rats, and that subordinate animals exhibited a shorter latency in producing their first bite. Maximum bite force was significantly influenced by caste. In comparing bite force with available data from previous studies across 82 additional mammalian species, subordinate naked mole-rats exhibited a bite force that was 65% higher than predicted for their body size, comparable to Tasmanian devils and exceeding bite force values for all of the carnivorans included for comparison. These results supported the hypothesis that the naked mole-rat's bite force would exceed predictions based on body size due to the behavioral importance and specialization of the naked mole-rat incisors. This study provides insight into the differences in bite force across species, and the significant role that social and ecological factors might play in the evolutionary relationship between bite force performance and underlying anatomical structures.
INTRODUCTION
The maximum bite force across different taxa varies according to a wide range of factors including ecological niche, diet, and behavioral use of dentition. Anatomical characteristics such as body mass have proven to be significant predictors of bite force (Wroe et al., 2005; Anderson et al., 2008; Freeman and Lemen, 2008a; Marshall et al., 2012) . In addition, the size of masticatory muscles for a particular species and related behavioral demandse.g., attack and acquisition of prey, excavating tubers, digging underground tunnel systems-influence and co-vary with the strength of biting capabilities (Wroe et al., 2005; Christiansen and Wroe, 2007; Freeman and Lemen, 2008b; Becerra et al., 2014) . Feeding habits in particular show a strong relationship with bite force capabilities (Wroe et al., 2005; Christiansen and Wroe, 2007; Maestri et al., 2016) . Strong bite force estimates based on cranial morphology have been shown for predators that rely on the ability to effectively incapacitate and dismember prey (Christiansen and Wroe, 2007) . In contrast, low bite force estimates were found for insectivores relying on a diet composed of prey that are less difficult to overpower and to consume (Aguirre et al., 2002 (Aguirre et al., , 2003 Wroe et al., 2005) . Relatively high bite force quotients (BFQs) (comparisons to predicted bite forces across a range of taxa with different body masses based on linear regression analyses) have also been attributed to osteophages, tasked with breaking down bone material, as well as to herbivores that predominantly ingest geophytes and other hard vegetables Erickson et al., 2003; Herrel and O'Reilly, 2005; Wroe et al., 2005; Lappin et al., 2017) .
Naked mole-rats (Heterocephalus glaber) are a subterranean species that uses their continuously erupting incisors to dig tunnels, defend their colony, show dominance among conspecifics, and consume foods ranging from vegetables to geophytes and the bones of ungulates found near and within their tunnels (Brett, 1991) . Naked mole-rats exhibit skull morphological characteristics associated with strong bite forces ( Figure 1A) , including large head height and cranial width (McIntosh and Cox, 2016) . Previous studies have shown that naked mole-rats also have large musculature of the head and neck that facilitates feeding, digging, and social behaviors that rely on use of the incisors (Cox and Faulkes, 2014; McIntosh and Cox, 2016; Cain et al., 2019) . The musculature of the jaw is responsible for approximately 25% of their total body mass (Sherman et al., 1992) . The size of the muscles of mastication, in particular the masseter and temporalis muscles as seen in Figure 1B , are large compared to other species such as mice ( Figure 1C) . The enlarged temporalis muscles of naked mole-rats extend far medially compared to other species, meeting at the midline (Figures 1B,C) . Digital dissection using microCT techniques demonstrated that the total mass of masticatory muscles in naked mole-rats was 75% of what is seen in rats, despite rats having approximately five times the body mass (Cox and Jeffery, 2011; Cox and Faulkes, 2014) . Although skull measures and large muscles of mastication predict a strong bite force for naked molerats, and studies of other African mole-rat species have demonstrated strong bite forces (Fukomys; Van Daele et al., 2008) , bite force has not been directly measured in naked molerats to date.
Beyond any direct bite force assessment in naked molerats, the influence of hierarchical social status on bite force has not been explored. As a eusocial species, naked mole-rats assume various roles within a colony. These roles range from dominant (e.g., queen, breeder) to subordinate (e.g., forager, defender, caretaker) (Sherman et al., 1992; Faulkes and Bennett, 2001 ). Hierarchical status is related to differences in body mass (Sherman et al., 1992) and might also be associated with differing reliance on masticatory strength used to accomplish the tasks demanded by each role such as colony defense or caring for pups (Sherman et al., 1991; Anderson et al., 2008 ). In the current study, we utilized piezo-resistive force sensors paired with a Raspberry Pi system and customized software to directly measure bite force from the incisors in freely behaving naked mole-rats. We then analyzed maximum bite force, bite frequency, and bite latency in relation to body mass, sex, and caste, and compared naked mole-rat maximum bite force with that of other mammalian taxa.
MATERIALS AND METHODS

Animals
Nineteen adult (≥1 year old) naked mole-rats [H. glaber (Rüppell, 1842) , RRID: NCBITaxon 10181], including 10 subordinate animals (five males and five females) and nine dominant animals (five males and four females), were used in this study ( Table 1) . The nine dominant animals consisted of all colony founders. Founders were the naked mole-rats used to initially establish our two separate laboratory colonies, and subsequently populate each respective colony; therefore, these were also the oldest colony members. The subordinate naked mole-rats were offspring of the founding group members. Body masses for the naked molerats included in the present study ranged from 32.4 to 94.1 g ( Table 1 ; Braintree Scientific compact portable scale model CB 1001 with 0.1 g precision). Naked mole-rats were maintained in two separate laboratory breeding colonies, each with one queen. They were housed at ambient temperatures of approximately 27.8-30 • C and at least 40% relative humidity, with free access to food. For complete housing details, see Artwohl et al. (2002) . All aspects of this research complied with our protocol approved by the Institutional Animal Care and Use Committee at Southern Illinois University, Carbondale, IL, United States, and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication Nos. 8023 and 1978) .
Force Sensor Preparation and Calibration
We utilized FlexiForce type A201 force sensors (111N sensors; Tekscan; Boston, MA, United States) to assess naked mole-rat bite force. Per the manufacturer, each sensor has the following typical performance: linearity (error) of <±3% of full scale, repeatability of <± 2.5%, hysteresis of <4.5% of full scale, drift of <5%/logarithmic time, response time <5µsec, and an operating FIGURE 1 | Naked mole-rat skull (A) and masticatory musculature (B) compared to that of a mouse (C). (A) The naked mole-rat skull is characterized by large cranial width and head height, factors predictive of stronger bite forces (McIntosh and Cox, 2016) . (B) Naked mole-rats also have large temporalis and masseter muscles, associated with strong jaw closure (biting), with the dorsal attachment site of the temporalis muscle extending toward the midline. (C) By comparison, the mouse has much smaller masticatory muscles, with the dorsal attachment of the temporalis muscle limited to a far lateral extent of the skull. Masseter nomenclature follows Becerra et al. (2014) for the m. masseter lateralis, pars superficial (superficial lateral masseter). SLM = superficial lateral masseter. Scale bar = 5 mm.
temperature range of −0 to 60 • C. A protective coating of Plasti-Dip (Plasti-Dip International; Blaine, MN, United States) was added to prolong the life of the sensor and to maintain its responsiveness for multiple bite interactions. Plasti-Dip was applied in two coats to the distal 50 mm length of the force sensor. Each coat was given 48 h to completely cure before the coated force sensor was calibrated and utilized in experimental sessions. Each Plasti-Dipped bite force sensor was approximately 1.5 mm thick, 15 mm long, and 15 mm wide (see the inset in Supplementary Figure S1C) .
In order to create calibration force curves, force sensors were conditioned following the manufacturer's recommended parameters. Conditioning consisted of applying 110% of maximum load to the sensor until voltage response stabilized (approximately 3 s), repeated five times. A universal testing machine (UTM), specifically the Material Testing Systems (MTS) Insight 30SL Model Number 820.030-SL (MTS Systems Corporation, Eden Prairie, MN, United States), was used to calibrate our sensors. To maintain consistent force application and to achieve precise alignment, custom aluminum fixtures matching the average footprint of naked mole-rat upper and lower incisors were fabricated by the machine shop at Southern Illinois University. Setup of the UTM followed the manufacturer's guidelines, and the force sensor was placed between the fabricated fixture interfaces. After sensor conditioning, known forces were applied to the sensor via the UTM, and the force sensor responses were recorded. A voltage per newton (V/N) curve was then directly created from the response data (Supplementary Figure  S1A) . The V/N ratio changes in a manner that is dependent on the input voltage resistance of the force sensor. Once the V/N ratio was calculated, bite forces measured by the probe was then converted from voltage to newton. Calibrated force sensors were paired with a Raspberry Pi Model B (Adafruit; New York City, NY, United States) using customized Python (version 3.0) software for bite force data acquisition (see Supplementary Figure S1C for detailed circuit connections).
Bite Force Data Collection and Analysis
Each animal was placed in a chamber similar to its permanent housing chambers and was allowed to acclimate for several minutes. Next, the force sensor was inserted through a small opening at the blocked terminal end of a PVC tunnel tube to allow the animal to interact freely with the force sensor. Slightly agitating the force sensor to attract the animal's attention generally proved effective at eliciting biting behaviors, and naked molerats were motivated to bite when the opening of a tunnel was blocked. Bite force measurements were then recorded for approximately 20 min after which the animal was returned to its permanent housing chamber. Five trials of approximately 20 min each were run for each animal. The force sensor raw voltage data were sampled at 128 Hz (Supplementary Figure S1B) . Data for each force sensor probe was adjusted by first subtracting the baseline "noise" voltage readings from the force sensor output, which were then converted from raw voltage output to newton values using the conversion factor for the specific probe utilized during behavioral testing based on the calibration curve for that probe, as described above regarding the V/N ration. The maximum bite force was extracted from each experimental session (trial) for five total trials per animal. The largest bite force across all five trials per animal was used for analysis of maximum bite force ( Table 1) . For comparisons with other rodent species and across mammalian orders, data were log transformed to normalize the distribution of the sample values ( Table 2 ). All statistical analyses were performed using IBM SPSS Statistics version 26. In order to further facilitate cross-species comparisons for taxa spanning a wide range of body masses, we also calculated BFQs by applying our linear regression analyses for Mammalia ( Table 2 ) following similar BFQ analyses from previous studies (Wroe et al., 2005; Christiansen and Wroe, 2007) . To calculate BFQ, the following equation was used for separated naked mole-rat castes (dominant and subordinate; Table 2) :
where BF is bite force and BM is body mass. For combined naked mole-rat castes (Table 2) , the following equation was used:
BFQ 2 = 100( BF 10 0.5712(log 10 BM)+0.1053 )
For bite latency and bite frequency analyses, comparisons were made using the mean values across the five trials per animal ( Table 1) . We used Matlab to locate the first data point that passed the force threshold (at least two standard deviations above the mean of all recorded force sensor data for that session from the start time of each trial) to qualify as a bite and to assess latency. In addition, two separate bite frequency analyses were performed using Matlab to quantify the number of individual bites that occurred per experimental session above the force threshold. The first was an inclusive bite frequency analysis in which all points above threshold were counted (Supplementary Figure S2A) . The second applied more stringent criteria and required a minimum distance of 50 acquired data points between any point surpassing the threshold in order to assess separate bite events (Supplementary Figure S2B) . 
RESULTS
Qualitative Assessment of Biting Behaviors in Naked Mole-Rats
Overarching trends observed during bite force assessments characterized naked mole-rat biting behaviors as defensive, exploratory, digging, or chewing. One such behavior was a tendency to bite the edge of the probe and to exhibit what appeared to be defensive biting behavior. Upon grasping the probe's edge between its upper and lower incisors, the naked mole-rat would simultaneously run backward and twist its head as if attempting to tear away part of the probe (similar to the manner in which a person might twist their head while biting to tear off a piece of tough food matter such as beef jerky). A second noteworthy behavior in naked mole-rats was a tendency to gnaw on the probe in what appeared to be exploratory biting rather than defensive behavior. During exploratory biting, rather than retreating backward through its tunnel system and twisting its head, the animal kept the probe between its upper and lower incisors while continuously applying pressure to the probe and pulling on it, paired with bracing and pressing of the forelimbs and occasionally even lifting the hindlimbs off the ground. As each experimental session progressed, animals more frequently exhibited a forelimb digging motion targeting the site where the probe emerged through a slot at the tunnel's terminal. If the probe was temporarily removed, animals would occasionally place their upper incisors within the slot of the tunnel terminal and would gnaw at the edges, keeping the upper incisors in place while scraping the lower incisors along the tunnel's edge in a chiseltooth digging fashion (Olivares et al., 2004; Samuels and Van Valkenburgh, 2009; McIntosh and Cox, 2016) . If food was offered in place of the probe at the tunnel's terminal, the naked molerat would tear off parts of the food (e.g., sweet potato) with its incisors and retreat backward through the tunnel to the larger housing chamber where it grasped the food between its forepaws to steady it during consumption. The upper incisors were used to hold the food item in place while the lower incisors were moved in such a way so as to dislodge and scoop smaller pieces of the food that could be consumed with multiple smaller bites using the molars. Naked mole-rats likely modulate bite force across these different categories of biting behaviors in order to optimize outcomes, with defensive behaviors associated with the strongest bite forces in order to effectively protect the colony.
FIGURE 2 | Bite frequency (mean ± SEM) for dominant (black, n = 9) and subordinate (gray, n = 10) naked mole-rats. One-way ANOVA analysis revealed no significant influence of caste (accounting for sex and body mass) on mean bite frequency in naked mole-rats. (See the section "Materials and Methods" and Supplementary Figure S2 for details regarding inclusive versus stringent criteria for bite frequency analyses.) (A) For inclusive bite frequency analyses where all data points above threshold were counted as bites, there were no significant differences by caste (dominant = 3.39 ± 0.92, subordinate = 4.29 ± 1.70). (B) For stringent bite frequency analyses classifying separate bite "events," similarly there were no significant differences by caste (dominant = 0.97 ± 0.31, subordinate = 1.37 ± 0.54).
Naked Mole-Rat Bite Frequency and Bite Latency With Respect to Caste
Bite frequency and bite latency ( Table 1) were analyzed to assess differences between castes that might indicate differences in motivation to bite (e.g., high bite frequency or short bite latency potentially indicating increased motivation and/or decreased inhibition to bite). Bite frequency ANOVA analyses found no significant differences in bite frequency between dominant versus subordinate animals whether the analysis was based on more inclusive criteria [F (1 , 18) = 1.431, p = 0.251; Figure 2A ] or more stringent criteria [F (1 , 18) = 2.765, p = 0.119; Figure 2B ], adjusting for body mass and sex. (Also see Supplementary Figure S2 for an illustration of each bite frequency criterion applied to representative data.) Thus, these values can be combined across castes to yield an average bite frequency of 3.895 bites/min using inclusive criteria and 1.185 bites/min using stringent criteria. In contrast, quantification of latency to first bite showed significant effects of caste when body mass and sex were accounted for [F (1 , 18) = 4.666, p = 0.049; Figure 3] . Dominant naked mole-rats FIGURE 3 | Bite latency (mean ± SEM) for dominant (black, n = 9) and subordinate (gray, n = 10) naked mole-rats. A one-way ANOVA revealed that caste significantly affected bite latency [F (1,18) = 4.666, p = 0.049], accounting for body mass and sex. Mean bite latency for dominant animals was 2.48 ± 1.66 min, whereas mean bite latency for subordinate animals was 1.44 ± 1.12 min. min = minutes. * signifies p < 0.05.
took nearly twice as long to produce their first bite compared to subordinate animals (2.48 ± 1.66s versus 1.44 ± 1.12s, respectively; Table 1 ).
Naked Mole-Rat Maximum Bite Force With Respect to Caste
For the naked mole-rats included in this study, body massshown by previous studies in other species to be a key predictor of maximum bite force-was distributed across a relatively wide range of 32.4-94.1 g ( Table 1 ). The maximum bite forces produced also varied across a wide range of 7.74-35.95 N, with an average maximum bite force of 19.82 ± 4.68 N in dominant naked mole-rats and 21.07 ± 8.89 N in subordinate naked mole-rats (Table 1) . When naked mole-rats were separated by caste, distinct differences in maximum bite force were observed with respect to body mass. Initial correlation assessments of each group showed that maximum bite force was significantly and positively correlated with body mass in subordinate animals (Spearman correlation coefficient of 0.7212, p = 0.019; Figure 4A ), as predicted based on other species. However, in dominant animals, maximum bite force was not correlated with body mass (Spearman correlation coefficient of 0.1833, p = 0.637; Figure 4B ). Thus, whereas bite force increased with body mass in subordinate animals, it remained similar irrespective of body mass in dominant animals. ANOVA analysis further confirmed that maximum bite force showed a significant main effect of caste [F (1 , 18) = 6.212, p = 0.026], adjusting for body mass and sex, indicating that a naked mole-rat's role within the eusocial hierarchy was significantly interrelated with maximum bite force when the comparison between castes was conducted on a body mass-corrected bite force measure. There was also a significant main effect of body mass on bite force 
Maximum Bite Force in Naked Mole-Rats Compared to Other Mammalian Species
There was a significant, positive allometric relationship between maximum bite force and body mass analyzed across naked molerats and 21 additional species of Rodentia whether naked molerat castes were separated (y = 0.5376x + 0.2571, R 2 = 0.7061, p < 0.001; Figure 5A and Table 2 ) or combined (y = 0.5388x + 0.2518, R 2 = 0.7090, p < 0.001; Figure 5B and Table 2 ). Compared to other rodents, when naked mole-rats were separated by caste (Figure 5A ), subordinate naked molerats exhibited bite forces that exceeded predicted values (residual of 0.1266) whereas dominant naked mole-rats exhibited bite forces that more closely approximated predicted values (residual of 0.0273; Table 2 ). This equated to a predicted bite force of 15.74 N for subordinate animals compared to our directly measured average value of 21.07 N, which was 34% greater than the predicted subordinate bite force. Dominant animals were predicted to have a bite force of 18.61 N, compared to our directly measured average value of 19.82 N, which was only 6.5% greater than predicted and more closely matched the predicted dominant bite force. Combining subordinate and dominant castes to be grouped together ( Figure 5B ) brought the naked mole-rat residual to 0.0930 (Table 2 ) with a predicted bite force of 16.53 N, compared to our directly measured average value of 20.48 N for the combined castes, which was 24% greater than the predicted bite force. Thus, naked mole-rats exhibited a bite force that was stronger than predicted for their body mass compared to other rodent species, and this was primarily driven by the performance of subordinate naked mole-rats. The significant, positive relationship between bite force and body mass was also found when the Rodentia comparison was broadened to encompass additional mammalian orders for a total of 83 mammalian species, including naked mole-rats separated by caste (y = 0.5703x + 0.1096, R 2 = 0.9244, p < 0.001; Figure 6 and Table 2 ). Within this scope, naked mole-rat bite force exceeded predicted values for each caste when separated (residual of 0.2169 for subordinate naked mole-rats, residual of 0.1133 for dominant naked mole-rats). The cross-order mammalian comparison generated a predicted bite force of 12.79 N for subordinate naked mole-rats (compared to our directly measured average value of 21.07 N, which was 65% greater than the predicted subordinate bite force) and 15.27 N for dominant naked mole-rats (compared to our directly measured average value of 19.82 N, which was 30% greater than the predicted dominant bite force). Combining subordinate and dominant castes (y = 0.5712x + 0.1053, R 2 = 0.9252, p < 0.001) generated a residual of 0.1814 and a predicted bite force of 13.49 N for naked mole-rats (compared to our directly measured average value of 20.48 N for the combined castes, which was 52% greater than the predicted bite force). Overall, in comparison to a wide range of mammalian species spanning multiple orders, naked mole-rat bite force remained much stronger than predicted based on body size, particularly for subordinate animals.
FIGURE 4 | Maximum bite force was significantly correlated with body mass in subordinate naked mole-rats (A; n = 10; r = 0.7212, p = 0.019) but not in dominant naked mole-rats (B; n = 9; r = 0.1833, p = 0.637). ANOVA analysis further confirmed that maximum bite force was significantly influenced by caste, adjusting for body mass and sex [F (1,18) = 6.212, p = 0.026]. Black represents dominant naked mole-rats and gray represents subordinate naked mole-rats. * signifies p < 0.05. FIGURE 5 | Linear regression analyses comparing maximum bite force to body mass in naked mole-rats together with 21 additional rodent species (data from other rodent species obtained from previous studies; see Table 2 for associated references). Data were log transformed to normalize the distribution of the sample values. There was a significant, positive allometric relationship between bite force and body mass across Rodentia. (A) When naked mole-rats were separated by caste (y = 0.5376x + 0.2571), subordinate animals (gray, n = 10) were above the regression line (residual = 0.1266) whereas dominant animals (black, n = 9) fell closer to the regression line (residual = 0.0273). (B) When dominant and subordinate castes were combined (gray/black; y = 0.5388x + 0.2518), naked mole-rats exhibited bite forces above the regression line (residual = 0.0930). g = grams, N = newton, and NMR = naked mole-rat.
Although BFQ results were similar for other mammalian species whether they were based on linear regression analyses that included naked mole-rat castes as separated (BFQ 1 , Table 2 ) or combined (BFQ 2 , Table 2), we included both sets of values for completeness and to enable either set of values to be applied to and compared with future studies. Species with BFQs of approximately 100 have bite forces equal to those predicted by the cross-species comparison for their body size (Wroe et al., 2005; Christiansen and Wroe, 2007) . Subordinate and dominant naked mole-rats exhibited BFQs that exceeded predicted values (164.78 and 129.79, respectively) whereas grouping castes together produced a naked mole-rat BFQ of 151.74, altogether indicating that naked mole-rat bite force was much greater than predicted based on body mass in comparison to other mammals spanning a wide range of body masses and bite forces ( Table 2) .
DISCUSSION
Naked mole-rats were assessed across multiple variables including bite frequency, bite latency, and maximum bite force in order to characterize their biting behaviors in relation to body mass and caste. Other studies that have assessed mammalian bite frequency have focused on chewing behaviors rather than the defensive or exploratory bites that predominantly characterized naked mole-rat biting behaviors in our study. Chewing frequency has been shown to negatively correlate with body mass in mammals, with a ceiling effect imposed by masticatory muscle capabilities (Druzinsky, 1993; Virot et al., 2017) . Mammalian species studied for chewing frequency included lions (1.43 ± 0.41 Hz), orangutans (1.21 ± 0.24 Hz), humans (1.71 ± 0.42 Hz), and a chinchilla (4.24 ± 0.59 Hz) (Virot et al., 2017) . Bite frequency, as measured in the current study, does not directly compare to chewing frequency, with naked mole-rats averaging a bite frequency of approximately 1 bite/min using stringent analysis criteria (Table 1, Supplementary Figure S2B , and Figure 2B ). Bite frequency was not associated with caste. In contrast to bite frequency in naked mole-rats, bite latency was significantly associated with caste. Dominant animals took nearly twice as long to initially bite the force sensor compared to subordinate animals (Table 1 and Figure 3) . Very few studies have characterized mammalian bite frequency and bite latency, particularly with respect to the relationship of each of these variables with body mass or social hierarchical status. Social behaviors attributable to lower-ranking versus high-ranking animals may in part drive the influence of caste on bite latency. Subordinate animals may have a higher motivation and/or less inhibition to initiate biting behaviors, whereas dominant animals with a more established position in the colony hierarchy may exhibit less motivation and/or greater inhibition to initiate biting behaviors. Bite latency has been examined in rodents using behavioral tests of aggression which showed that shorter bite latencies were associated with increased aggression (Koolhaas et al., 2013) . Latency to bite has not been previously analyzed with respect to body mass and caste, rendering it difficult to compare the relationships between these variables in naked mole-rats to those observed in other species.
The average bite force was 21.07 ± 8.89 N in subordinate naked mole-rats and 19.82 ± 4.68 N in dominant naked mole-rats ( Table 1) . Bite force was positively and significantly correlated with body mass in subordinate but not in dominant naked molerats (Figure 4) . When assessed with 21 additional species of Rodentia ( Figure 5 and Table 2 ) or expanded to 82 additional species of Mammalia ( Figure 6 and Table 2), naked mole-rat bite force exceeded the values predicted based on body size, particularly for subordinate animals.
Naked Mole-Rat Bite Force Compared to Other Mammalian Species
The maximum bite force of naked mole-rats was greater than expected based on predicted values, whether these comparisons were limited to other rodents (Figure 5 ) or expanded across mammalian orders (Figure 6 ). Subordinate and dominant naked mole-rats exhibited BFQ values of 165 and 130, respectively ( Table 2) , whereas a measured bite force that matched predictions based on body size would have produced BFQ values of 100 (Wroe et al., 2005; Christiansen and Wroe, 2007) . For their body size, subordinate naked mole-rats outperformed all of the carnivorans included for comparison, such as American black bears (BFQ of 57), lions (BFQ of 104), and wolves (BFQ of 119), all of which require strong bite forces in order to shear the muscle and crack the bones of their prey ( Table 2) . Subordinate naked mole-rat bite force was comparable to the value calculated for Tasmanian devils (BFQ of 153; Table 2 ). Like some of the carnivorans in the Mammalia comparisons, naked mole-rats occasionally consume bone, a feat associated with large bite forces (Wroe et al., 2005; Christiansen and Wroe, 2007) . Often, FIGURE 6 | Linear regression analyses comparing bite force to body mass in naked mole-rats together with 82 additional mammalian species (data from other species obtained from previous studies; see Table 2 , color-coded by mammalian order in congruence with this figure, for references). Data were log transformed to normalize the distribution of sample values. The residual for subordinate naked mole-rats (gray, n = 10) was 0.2169 whereas the residual for dominant naked mole-rats was 0.1133 (black, n = 9), compared to 0 for the common rat. This demonstrated that naked mole-rats exhibited a bite force that was much stronger than predicted for their body size.
species with higher than predicted bite forces are also animals that hunt prey larger than themselves (Christiansen and Wroe, 2007) . Naked mole-rats share some similarities with these species in that they require stronger bite forces for adversaries such as snakes that far exceed their own average body size (Sherman et al., 1991) . In addition, reliance on different biting strategies also affects maximum bite force. Wroe et al. (2005) categorized distinct biting strategies for mammals, distinguishing between those that used static versus kinetic bites, the latter of which requires more force. The kinetic bites consisted of stabbing bites targeted at the neck and ones that sheared with their canines.
Naked mole-rats outperformed humans as well, with a human BFQ of 111 that closely approximated the value predicted for their body size ( Table 2) . If the bite force exhibited by subordinate naked mole-rats were extrapolated to the body mass of humans (2874 g; Table 2 ; Van Eijden, 1991), a human-sized naked mole rat would exhibit a bite force of 1110 N-48% greater than the measured human bite force. By comparison, an American black bear-sized naked mole-rat would produce a bite force of 1553 N, or 187% greater than the calculated black bear bite force; a lion-sized naked mole rat would yield a bite force of 2794 N, or 58% stronger than the lion's calculated bite force; and a wolf-sized naked mole-rat would produce a bite force of 825 N, or 39% stronger than the wolf 's calculated bite force ( Table 2 ; Wroe et al., 2005) .
Although naked mole-rats exhibited higher BFQs than the majority of other mammalian species included for comparison in the present study, they were out-performed by certain species including orangutans (Lucas et al., 1994) , several bat species (Aguirre et al., 2002; Dumont and Herrel, 2003) , and opossums (Thomason et al., 1990) , in addition to several rodent species ( Table 2) . These rodent species included other species of subterranean mole-rats, the African mole-rats (Fukomys micklemi and Fukomys whytei, Van Daele et al., 2008) , as well as the plains pocket gopher (Freeman and Lemen, 2008a) , the grasshopper mouse (Williams et al., 2009) , and the sand dune tuco-tuco (Ctenomys australis, Becerra et al., 2014) . C. australis is a subterranean species that relies on both chisel-and scratchtooth digging (Becerra et al., 2013) . Socially, C. australis is highly aggressive, territorial, and solitary (Becerra et al., 2013 )-traits shared with the ground-dwelling, carnivorous grasshopper mouse (Satoh and Iwaku, 2006; Williams et al., 2009 ) as well as with the fossorial pocket gopher (Freeman and Lemen, 2008a) . Naked mole-rats, by comparison, are subterranean chisel-tooth diggers that are eusocial and can be aggressive as needed for colony defense or intraspecific competition. Chisel-tooth diggers are characterized by well-developed head and neck musculature utilized in biting, as well as adaptations in skull morphology such as large zygomatic arches and temporal fosse that facilitate usage of the incisors as chisel-like tools (Samuels and Van Valkenburgh, 2009) . McIntosh and Cox (2016) classified chisel-tooth diggers as more capable of producing stronger bites than their scratchdigging counterparts based on dental and skull morphology related to increased behavioral reliance on and utilization of masticatory musculature.
Bite force can also be influenced by masticatory muscle variations, such as the microstructural composition and relative size of the temporalis and masseter muscles (Olivares et al., 2004) , as well as differences in craniofacial morphology and gape (McIntosh and Cox, 2016) . Such variations, together with divergent evolutionary pressures, likely contribute to the discrepancies in predicted versus actual bite force, and differing BFQ values ( Table 2) . Maximum gape is dictated by skull and muscular parameters in that gape increases with increased resting and stretch length of masticatory muscles, increased size of the temporalis muscles, increased jaw length, increased condyle length, and decreased condyle height (Satoh and Iwaku, 2006; Cox and Faulkes, 2014) . Variations in gape, in turn, strongly influence bite force such that bite force negatively scales with gape angle (Dumont and Herrel, 2003; Santana, 2016) . Bite force also varies according to the tooth being assessed, with higher bite forces associated with molars compared to incisors (Dumont and Herrel, 2003) . Due to these factors, differences observed in our cross-mammalian comparison were likely affected by, and must be considered within the context of, the tooth being assessed for bite force (canine, molar, or incisor) and associated gape differences ( Table 2) .
Naked Mole-Rat Bite Force and Body Mass: Relationship to Behavioral Roles Within the Eusocial Colony Structure
Maximum bite force was correlated with body mass for subordinate naked mole-rats (Figure 4A) , as predicted based on the relationship between body mass and bite force demonstrated in a wide range of other taxa (Thomason et al., 1990; Lucas et al., 1994; Aguirre et al., 2002; Dumont and Herrel, 2003; Thompson et al., 2003; Wroe et al., 2005; Freeman and Lemen, 2008a; Ellis et al., 2009; Williams et al., 2009; Becerra et al., 2014) . However, in dominant naked mole-rats, bite force remained fairly constant and was not correlated with body mass (Figure 4B ). Further analysis confirmed that bite force was significantly influenced by caste. However, it should be noted that the dominant naked mole-rats in our sample are also inherently larger and older animals, and it may be the case that the correlation with bite force weakens at higher body masses rather than differences between dominant and subordinate naked mole-rats being due exclusively to caste-specific influences. When dominant and subordinate groups were combined, naked mole-rats exhibited a maximum bite force that exceeded the predicted value based on their body mass. Separating these groups by caste demonstrated that this difference was primarily driven by subordinate naked mole-rats, such that these animals exhibited bite forces well beyond those predicted for their body mass whereas dominant naked mole-rats more closely adhered to predicted values.
The eusocial colony structure of naked mole-rats is related to behavioral and body size differences between castes, as well as differing role requirements for animals within each caste. Within the present study, the dominant group was composed solely of founding members of each naked mole-rat colony. Previous studies have shown significant differences in body mass between larger naked mole-rats that established a colony (i.e., founders) versus smaller animals that were subsequently birthed into the colony, in addition to body mass fluctuations in response to changes in or disruption of the eusocial hierarchy (O'Riain and Jarvis, 1998). The first litter of a nascent colony responded most strongly to social structure changes within the colony, such as death of a male breeder, with distinct increases in body mass. O'Riain and Jarvis (1998) were also able to show that the subsequent litters (referred to in the current study as subordinates) maintained smaller body sizes unless particular animals diverged to defensive or breeding roles within the colony, at which point these animals greatly increased in body mass as a direct result of assuming a new role in the social hierarchy. When naked mole-rats were classified as breeders (more dominant) and non-breeders (more subordinate), behaviors involving utilization of the incisors such as nest building, digging, transporting food, and defense were associated with differences in body mass (Sherman et al., 1991) .
As opposed to dominant naked mole-rats, subordinate animals exhibited a significant correlation between body mass and bite force. This may be related to the broad spectrum of behavioral roles and associated differences in body mass observed in subordinate naked mole-rats. Larger non-breeding subordinate animals engage in chisel-tooth digging required for excavating new tunnels. The largest of the subordinate naked mole-rats have been observed to be "volcanoers, " animals that hold positions at the openings of underground tunnels to the surface in order to kick out dirt (which takes on the outward appearance of sandy volcanoes). This is by necessity a defensive behavioral role due to the proximity to the surface rendering these animals vulnerable to predators. The large body size of these animals may also be related to the strong musculature needed to move large volumes of dirt, as is required for tunnel "volcanoeing" (Hamilton, 1928) . The larger subordinate animals perform tasks that require more forceful utilization of masticatory musculature than their smaller counterparts that tend to focus on nesting behaviors, thereby aligning with the positive significant correlation of body mass with bite force. As described above, differences in gape between smaller versus larger animals may also have contributed to the bite force differences observed. However, our bite force sensors were small (1.5 mm thick) relative to the head size of naked mole-rats (see the inset in Supplementary Figure S1C ) and should have produced minimal differences in gape across the naked mole-rats examined. Nonetheless, the influence of gape angle on bite force would be more pronounced in subordinate naked mole-rats, with the same bite force sensor requiring a proportionately larger gape in these smaller animals and potentially reducing bite force performance compared to the larger, dominant naked mole-rats.
Caveats of the Present Study
In vivo measurements from freely behaving animals, as used in the current study, can elicit highly variable responses depending on the motivation level of the animals and how successful the experimental conditions are at eliciting a true maximum bite force. As such, in spite of care being taken to elicit a true maximum bite force, any sub-optimal experimental conditions may underestimate an animal's actual capabilities. A number of factors can impact biting behaviors. One such variable is ambient temperature, which has been shown to alter biting behaviors in reptiles due to their inability to thermoregulate (Anderson et al., 2008 ), a quality also characterizing naked molerats (Johansen et al., 1976) . In addition, in vivo bite forces are often elicited as defensive behavioral responses, thus making the effectiveness of experimental conditions in eliciting defensive behaviors a factor in accurately capturing true maximum bite force. Under our experimental conditions, the force sensor probe was combined with a blocked tunnel exit. This was perceived as an agitation and possibly also as a threat, given that our observations indicate that naked mole-rats become aggressive when a tunnel exit is blocked. One role of subordinate animals is that of defenders of the colony, making defensive biting behaviors more likely to be elicited from subordinate animals. Conversely, the dominant naked mole-rats may have been less motivated to bite under such conditions due to their minimal role in defenserelated behaviors associated with their higher status in the eusocial hierarchy of the colony (Sherman et al., 1991) . Previous studies have shown a positive correlation between defensive biting frequency and body mass, particularly for non-breeding subordinate males that participate in aggressive behaviors such as incisor fencing, biting, shoving, tugging, and open-mouth gaping (Sherman et al., 1991) . The lack of an animate threat beyond a blocked tunnel exit could potentially have resulted in diminished defensive biting behaviors elicited in the present study compared to studies in which predators (e.g., snakes) and conspecifics were presented (Sherman et al., 1991) . Finally, our comparisons to other mammalian species were weighted toward larger carnivorans for which there are disproportionately more existing data in the literature than for non-predatory species such as ungulates. This over-representation of carnivorans, in addition to differences in the teeth being assessed for bite force calculations (canines, molars, or incisors) and associated gape angle differences as described above, may have skewed our regression analyses (Table 2 and Figure 6 ). However, naked mole-rats out-performed all carnivorans included in the present analyses, and the addition of ungulates would very likely serve to increase rather than diminish our reported BFQ values for naked mole-rats.
Bite Force Methodological Differences and Future Directions
Previous studies assessing bite force have relied on a range of different methodologies. These have included: bite force directly measured from freely behaving animals; bite force directly measured in anesthetized animals, elicited via electrical stimulation of masticatory muscles; and bite force values that are predicted based on extrapolations from skull morphology parameters. Variations in BFQs among species may be attributed in part to the methodologies of the studies performed. Across studies, there are differences in how a bite was either directly measured or calculated (annotated as MV for directly measured values or C for calculated values in Table 2 for cross-species comparisons included in the present study). The specific teeth assessed for bite force can also differ (i.e., molars, incisors, or canines), in addition to the environmental conditions and the animal's motivation to perform, as described above (Thomason et al., 1990; Van Eijden, 1991; Aguirre et al., 2002; Dumont and Herrel, 2003; Thompson et al., 2003; Van Daele et al., 2008; Ellis et al., 2009; Williams et al., 2009) . Some bite force studies focused on wild animals that were momentarily restrained within their natural habitat and were (relatively) freely behaving, whereas others assessed wild or laboratory animals in a laboratory setting. In calculated bite force measurements, variations in the specific skull morphology parameters may have resulted in differences in extrapolated bite force predictions (Lucas et al., 1994; Wroe et al., 2005) . In the present study, we feel that accurately representative naked mole-rat bite force values were obtained given that the relatively long experimental trials offered ample opportunity for the animals to produce a maximum bite force (five trials of approximately 20 min each, compared to other studies in which five total bites were recorded and the maximum was analyzed, e.g., Van Daele et al., 2008) . In addition, our results are consistent with other studies predicting high bite force values for H. glaber based on skull morphology and cranial musculature (Cox and Faulkes, 2014; McIntosh and Cox, 2016) . Future studies involving electrical stimulation of masticatory muscles, individually and in combination, would be useful in elucidating the extent to which each muscle contributes to overall bite force in naked mole-rats. In addition, intracortical microstimulation (ICMS) electrophysiological experiments targeting primary motor cortex could delineate mototopy and characterize evoked jaw movements that subserve bite force capabilities. Finally, further behavioral studies would be needed to link bite force differences to distinct hierarchical roles (e.g., defender or caretaker) in the naked mole-rat colony. This would be of particular interest in relation to: (1) longitudinal studies focused on specific animals with naturally changing social roles over time, particularly if a subordinate animal transitioned to dominant status, or (2) experimental interventions (e.g., removal of a queen, or removing animals from an established colony to start a new colony) causing shifts in social status that could then be directly related to bite force changes.
CONCLUSION
Previous studies have shown that naked mole-rats possess qualities (biting style, skull shape, and masticatory muscle size) indicative of the potential to produce powerful bite forces. This study supported these hypotheses by demonstrating that naked-mole rats produce maximum bite forces that greatly surpass the bite force predicted for their body mass. Subordinate naked mole-rats in particular drive this increase in measured bite force compared to predicted values with their significant, positive allometric relationship of bite force to body mass, biting with forces 65% stronger than the capacity indicated by their body mass based on mammalian cross-species comparisons. This places naked mole-rat bite force performance well above most mammalian species studied to date, surpassing even carnivorans such as lions, wolves, and bears that traditionally epitomize bite strength.
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The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnint. 2019.00070/full#supplementary-material FIGURE S1 | Bite force sensor calibration with representative data collection from one experimental trial session and data collection system schematic. (A) A calibration curve was generated prior to using each force sensor for data collection, and shows the standardized force (N) applied to a piezo-resistive force sensor (Tekscan; Boston, MA, United States), as well as the resulting force sensor digital input. The representative sensor responded well within the manufacturer's ± 3% linearity specifications (R 2 = 0.9918). FIGURE S2 | Illustration of two separate criteria applied in determining bite force frequency. Representative bite force data are shown from a single trial for a dominant adult female naked mole-rat (1RW). (A) Inclusive bite frequency criteria: illustration of data points included in the number of bites used to determine bite frequency (gray circles). All points above threshold (at least two standard deviations above the mean) were included to generate the number of bites per trial. This bite frequency was then averaged for each animal across five trials. (B) Stringent bite frequency criteria: illustration of data points included in analyses. Red circles represent points above threshold with a minimum of 50 acquired data points between each designated bite event.
